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Pseudomonas synxantha 2-79 is a biocontrol agent that represents beneficial 
indigenous rhizobacteria that are broadly distributed in the Pacific Northwest, USA and 
flourish in the rhizosphere of commercially grown wheat under surprisingly arid 
conditions. The molecular adaptation of 2-79-like bacteria to plants growing in dry soils 
is poorly understood. We hypothesized that the ability of 2-79 to colonize and persist in 
the rhizosphere of water-stressed plants is underpinned by the formation of hydrating 
biofilms and the utilization of root exudates that contain plant-derived osmoprotectants 
called quaternary ammonium compounds (QACs). We tested this hypothesis by 
identifying waters stress response pathways in the 2-79 genome and then constructing a 
series of isogenic mutants deficient in one or more biofilm matrix and QAC transporters. 
The analysis of mutants revealed that under water-replete conditions, the QAC 
transporters function differentially and redundantly in the uptake of quaternary amines as 
nutrients. In contrast, under water stress, the QACs choline, betaine, and carnitine are 
accumulated preferentially for osmoprotection. Under drought stress, a mutant devoid of 
all known QACs transporters was less competitive in the colonization of the 
Brachypodium rhizosphere than its wild-type parental strain. The analysis of alg, psl, and 
eps biofilm matrix pathways revealed their role in the protection of 2-79 from 
desiccation. These pathways also contributed redundantly to the competitive colonization 
of plant roots. Our results confirm the importance of plant-derived QACs for microbial 
adaptation to the rhizosphere lifestyle and support the idea that the exchange of 
metabolites between plant roots and microorganisms profoundly affects and shapes the 
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CHAPTER I - INTRODUCTION 
1.1 Root exudation as a mediator of the soil-root continuum 
Most groups of multicellular eukaryotes form stable associations with commensal 
microorganisms, which allows plants, fungi, and animals to better adapt to life on Earth. 
Humans, for instance, harbor diverse communities of commensal bacteria in the form of 
the gut microbiome. The gut microbiota plays an essential role in numerous basic 
biological processes, including nutrient absorption, metabolism, and innate immunity 
(Zhang et al., 2015).  Similarly, plants are considered holobionts, or meta-organisms that 
combine the eukaryotic host and its microbiome in a single dynamic entity 
(Vandenkoornhuyse et al., 2015). Most plant-associated microorganisms dwell in the 
rhizosphere, a distinct layer of soil affected by metabolites released by plant roots 
(Hütsch et al., 2002). The rhizosphere nurtures one of the richest microbial ecosystems 
on Earth, which includes parasites, commensals, and mutualists coexisting in complex 
ecological communities. The rhizosphere microbiome is an area of ongoing active 
research because of its impact on the development, health, and capacity of plants to cope 
with environmental stress. 
Plant exude a significant amount of the photosynthetically fixed carbon into the 
soil surrounding their roots. Cereals such as wheat and barley, for instance, transfer about 
30% of total assimilated carbon into the soil. This value is even higher in pasture grasses, 
which translocate 30-50% of assimilated C (Kuzyakov and Domanski, 2000). Root 
exudates, also called rhizodeposits, contain both low- and high-molecular-weight 
metabolites (Bais et al., 2006; Badri et al., 2009). The low-molecular-weight compounds 
are particularly diverse and include water, free oxygen, ions, acids, organic acids, sugars, 
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phenolics, and other secondary metabolites. The high-molecular-weight compounds 
include polysaccharides (mucilages) and proteins, which are less diverse but comprise a 
more significant proportion of the root exudates by mass. The presence of the 
rhizodeposits attracts soil microorganisms that utilize plant-derived metabolites for their 
growth and survival. As a result, the microbial population density in the rhizosphere 
reaches up to 1011 microbial cells per gram of root and is significantly higher than in the 
bulk soil (Berendsen et al., 2012).  This phenomenon is called the “rhizosphere effect,” a 
term first coined by Starkey (Hütsch et al., 2002) to describe the collective processes 
occurring at the plant root-soil interface. The secretion of distinct compounds and signals 
by the host plant into the rhizosphere mediates the plant-interactions and determines 
whether the association will be beneficial or not. The root-soil interface also constitutes 
an environmental milieu for complex biological and ecological processes that contribute 
significantly to the ecosystem functioning and cycling of nutrients in terrestrial 
ecosystems (Singh et al., 2015). 
It is thought that the complex chemical crosstalk between microorganisms and 
plant roots is at the heart of the stress-mediated recruitment of specific rhizobacteria by 
the host plant. The process of exudation is actively controlled in response to 
environmental stimuli, and the composition of rhizodeposits varies greatly according to 
plant species and physiological conditions (Lynch, 1990; Nguyen, 2009; Phillips et al., 
2004). The presence and composition of exudates strongly impact soil microorganisms, 
which is consistent with the idea that plants actively select and shape the rhizosphere 
microbiome to their benefit (Bais et al., 2006; Badri et al., 2009; Sasse et al., 2018) Plant 
roots exude complex secretions that not only provide carbon and energy sources for 
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rhizobacteria but also contain numerous signal molecules, which affect many aspects of 
microbial physiology (Beauregard et al., 2013; Cooper, 2007; Martins et al., 2018; 
Neumann et al., 2014). 
1.2 The role of rhizosphere microbiome in the plant’s response to biotic stress 
Recent studies have highlighted the ability of the plant root microbiome to 
positively influence plant fitness in response to stressors associated with global climate 
change. Plants foster root-associated microbial communities that enhance the ability to 
resist biotic and abiotic stresses by stimulating nutrient uptake and organ development, 
suppressing pathogens and modulating stress phytohormone levels (Dimkpa et al., 2009; 
Glick, 2012; Lundberg et al., 2012; Marasco et al., 2012; Rolli et al., 2015; Timmusk et 
al., 2014). Multiple independent studies demonstrated the capacity of rhizosphere isolates 
of Arthrobacter, Azotobacter, Azospirillum, Bacillus, Enterobacter, Pseudomonas, 
Serratia, and Streptomyces to enhance the tolerance and resilience of plants to salinity, 
heavy metals, and attack by pathogens or herbivores (Dimkpa et al., 2008; Gray and 
Smith, 2005; Lee et al., 2012; Sobariu et al., 2017; Timmusk et al., 2014; Tokala et al., 
2002; Yang et al., 2009; Yuan et al., 2016). 
One of the best examples of plant protection against biotic stress represented by 
disease suppressive soils. These are soils in which the pathogen establishes and causes 
disease for a few seasons, but thereafter the disease becomes less severe, although the 
pathogen may persist in the soil (Cook and Baker, 1983). The suppressiveness of soils has 
been subdivided into “general” and “specific” (Schlatter et al., 2017). General 
suppression is present in any soil and results from the collective competitive and 
antagonistic activity of the soil microbiome. In contrast, specific suppression is present 
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only in certain soils due to the development of a specific group of microorganisms 
capable of antagonizing a specific pathogen and often on a specific crop species 
(Raaijmakers and Mazzola, 2016). Specific suppression is highly effective and is 
superimposed over the background of general suppression. Once established, they require 
minimal inputs and may provide continuous control of a soil-borne disease for decades 
(Bakker et al., 2018; Pieterse et al., 2014). They are of special value for low-input and 
organic agroecosystems, which often have a limited supply of nutrients and higher 
disease pressure. 
The specific soil suppressiveness often appears following a severe disease 
outbreak in mono-cultured crops due to the enrichment of microbial groups with specific 
pathogen-suppressing traits (Bakker et al., 2018). This phenomenon is explained by the 
“cry-for-help” hypothesis, which suggests that diseased plants selectively attract soil 
microbes that produce antimicrobial compounds (Berendsen et al., 2018). In a recent 
study, Mendes et al., (2018) reported that the resistance of beans (Phaseolus vulgaris) to 
Fusarium oxysporum (Fox) positively correlated with the presence of specific 
rhizobacterial taxa. Specific functional traits such as secretion of phenazines and 
rhamnolipids were more abundant in the rhizobacterial community of resistant beans 
suggesting that a co-selection of beneficial rhizobacteria might have occurred while 
breeding for phenotypic resistant traits. In another study, infection of Arabidopsis 
thaliana with the downy mildew pathogen Hyaloperonospora arabidopsidis resulted in 
the enrichment of antagonistic rhizosphere strains of Microbacterium, Stenotrophomonas, 
and Xanthomonas (Berendsen et al., 2018). Moreover, the same study showed that 
infection of the first generation plants with downy mildew resulted in the enhanced 
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protection against the pathogen in the second plant generation grown in the same 
preconditioned soil (Berendsen et al., 2018). This phenomenon was described as the 
suppressive soil memory (Raaijmakers and Mazzola, 2016), or soilborne legacy, in which 
the proliferation of beneficial microbes “preconditions” a soil and provides generational 
benefits to the future off-springs (Berendsen et al., 2018). 
1.3 Drought alters rhizosphere functioning and affects rhizosphere microbiome 
assembly 
The exposure to environmental (abiotic) stress also acts as a driving force in 
recruiting microbial rhizosphere communities that can enhance the plant’s adaptability to 
iron deficiency, phosphorus deficiency, and extreme temperatures (Goh et al., 2013; 
Wang et al., 2011; del Carmen Orozco-Mosqueda et al., 2013; Rodriguez et al., 2008; 
Redman et al., 2011). Drought represents a significant form of abiotic stress that 
adversely affects plant life on a global scale, and plants have developed various 
biochemical and physiological mechanisms to respond and adapt to the deprivation of 
water. The projected increase in future frequency and severity of droughts threatens 
global agricultural production and food security because it can drastically decrease plant 
yield and lead to land degradation (Dai, 2011).  
Drought stress greatly affects the composition and performance of the rhizosphere 
microbiome. There is a vast body of research that has looked at the role of drought in 
restructuring microbial community and functional diversity in the rhizosphere (Naylor et 
al., 2017; Fitzpatrick et al., 2018; Naylor and Coleman-Derr, 2018) (Figure 1.1). The 
fluctuations in soil moisture change the relative abundance of drought-susceptible 
bacteria and favor the proliferation of tolerant taxa. Specifically, many Gram-positive, 
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oligotrophic phyla are enriched, while many Gram-negative, copiotrophic phyla are 
depleted, while other members are not significantly affected (Naylor and Coleman-Derr, 
2018). For instance, Santos-Medellin et al. (2017) showed that drought stress altered 
considerably three communities relevant to the rice root microbiome: the rhizosphere, 
endosphere (the root interior), and bulk soils. The bacterial communities demonstrated a 
drought stress response that was consistent across soils and cultivars and driven by an 











Figure 1.1 Different effects of drought on the soil, plant, and associated bacterial 
communities. 
Drought alters soil properties (upper left), induces change in plant phenotype (upper right), alters root exudation (lower right), and the 
composition and function of the root microbiome (lower left). These changes results in the recruitment of specific taxa in the soil, 
rhizosphere, and root microbiome. From Naylor and Coleman-Derr (2018). 
A similar trend was reported in a recent study by Naylor et al. (2017), where the 
authors observed higher levels of rhizosphere Actinobacteria during drought. 
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Interestingly, the effect was more pronounced in the endosphere when compared to the 
rhizosphere. In another study, Lau and Lennon (2012) demonstrated that the continuous 
cultivation of Brassica rapa under drought significantly altered the composition of the 
soil bacterial and fungal community. Plants grown in association with such a drought-
adapted community maintained higher fitness under drought stress. 
1.4 Biofilms and osmoprotectants as protective mechanisms used by rhizobacteria 
under water stress 
Drought stress imposes a hypertonic environment that impacts a multitude of 
physiological functions in the plant, including root system architecture, photosynthesis, 
stomatal conductance, phytohormone signaling, and osmotic regulation directly affecting 
various cellular mechanisms (Basu et al., 2016). Rhizobacteria associated with drought-
stressed plants also must cope with the deleterious effects of water stress. One crucial 
strategy used by microorganisms to survive under the water stress involves the formation 
of biofilms, which are structurally complex assemblages of cells enclosed in an 
extracellular matrix comprised of proteins, DNA, and exopolysaccharides (Fong and 
Yildiz, 2015). Biofilms are more resistant to environmental stresses and antimicrobial 
compounds than planktonic cells (Chang et al., 2007; Johnson, 2008). The heterogeneous 
nature of biofilms can also increase population diversity due to gradients of gases, 
nutrients, wastes, and antimicrobial compounds (Bester et al., 2010). The protection of 
biofilms cells occurs on two non‐mutually exclusive levels: at the mechanical and genetic 
levels. On the mechanical level, biofilms are surrounded by exopolymeric substances that 
contain exopolysaccharides (EPSs), proteins, lipids, and DNA, which form a physical 
barrier between bacteria and the surrounding milieu (Costerton et al., 1995; Steinberger 
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and Holden, 2005). On the genetic level, cells that sense environmental stress can trigger 
multiple signal transduction pathways and guanine cyclases that produce the messenger 
molecule cyclic‐di‐GMP, leading to the production of protein adhesins and 
exopolysaccharides used in biofilm development (Borlee et al., 2010). Under water‐
limiting conditions, hygroscopic EPSs aid in hydration of cells and prevent further water 










Figure 1.2 Common osmoprotectants utilized by microorganism include amino acids 
(glutamine, proline, ectoine, NAGGN), amino acid derivatives (N-
acetylglutaminylglutamine amide, NAGGN), sugars and polyols (mannitol, trehalose, 
sorbitol), and quaternary ammonium compounds (choline, betaine, carnitine). 
In addition to biofilms, cellular responses to water stress include the uptake of 
potassium ions and accumulation of osmoprotectants or compatible solutes (Figure 1.2) 
(Epstein, 2003; Sleator and Hill, 2002). Compatible solutes are organic compounds that 
are synthesized de novo or taken up from the environment to balance the osmotic 
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pressure across the cellular membrane under hypertonic conditions. These 
osmoprotectants include certain sugars (trehalose), polyols (glycerol, glucosylglycerol, 
mannitol), free amino acids and derivatives (proline, glutamate, and ectoine), quaternary 
ammonium compounds (QACs) (choline, glycine betaine, carnitine), sulfate esters 
(choline-O-sulfate), and N-acetylated diamino acids and small peptides (N-
acetylornithine, N-acetylglutaminylglutamine amide) (Kempf and Bremer, 1998). In 
contrast to inorganic salts, they can reach high intracellular concentrations without 
disturbing vital cellular functions such as DNA replication, DNA-protein interactions, 
and cellular metabolic machinery (Kempf and Bremer, 1998; Yancey, 1994). 
1.5 Pseudomonas/Brachypodium as a model for studying the effect of water stress on 
rhizosphere plant-microbe interactions 
Brachypodium is a small genus of temperate grasses that is comprised of 18 
species distributed worldwide (Catalan et al., 2015). The genus gained scientific attention 
when Brachypodium distachyon was selected as a model species for economically 
important monocot plants that include wheat, barley, rye and oats, and also biofuel 
grasses (IBI, 2010; Catalan et al. 2015).  The morphological, physiological, and genetic 
characteristics which make B. distachyon a suitable model organism include: (1) high-
quality genome sequence; (2) small and compact (e.g., low levels of repetitive DNA) 
genome; (3) short life cycle comparable to that of Arabidopsis; (4) easy cultivation and 
simple growth requirements under controlled conditions; (5) extensive collection of 
research tools including large OMIC data sets and established method for 
Agrobacterium-mediated transformation (Draper et al., 2001; Vogel and Hill, 2008; 
Vogel et al., 2010). 
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The genus Pseudomonas currently comprises over 100 named species that have 
been separated based on multilocus sequence analysis into 14 species groups (Garrido-
Sanz et al., 2016). Pseudomonads are ubiquitous gram-negative γ-Proteobacteria known 
for their utilization of numerous organic compounds as energy sources, production of 
diverse secondary metabolites, and ability to colonize eukaryotic hosts both as 
commensals and as economically important pathogens of plants and animals (Moore et 
al., 2006; Schroth et al., 2006; Yahr and Parsek, 2006). Pseudomonas synxantha 2-79 
(formally P. fluorescens 2-79) is a well-described biocontrol agent that was isolated from 
a field in Washington State that had been cropped to wheat for 14 consecutive years 
(Weller and Cook, R. J., 1983). This strain produces the antibiotic phenazine-1-
carboxylic acid that underpins its ability to suppress soilborne diseases of wheat, 
including the take-all root disease pathogen Gaeumannomyces graminis var. tritici 
(Weller and Cook, 1983), Pythium aristosporum (Thomashow and Weller, 1988), and 
Rhizoctonia solani AG-8 (D. V. Mavrodi et al., 2012). 2-79 belongs to a complex of 
beneficial P. fluorescens-like bacteria that flourish in dryland wheat fields of the semi-
arid Pacific Northwest, USA (Parejko et al., 2013). Brachypodium distachyon is closely 
related to cereals and naturally adapted to drought conditions (Luo et al., 2011; Verelst et 
al., 2013). Therefore, I used this model grass as a host plant for P. synxantha 2-79 to 
investigate the molecular mechanisms of microbial adaptation to life in the rhizosphere 






1.6 Aims of this study 
The mechanisms of drought tolerance in plants are well characterized. In contrast, 
the physiological and molecular events involved in the adaptation of rhizobacteria to low 
water-content habitats have seldom been addressed, and then mostly in vitro. The effect 
of water limitation on plant-microbe communication in the rhizosphere remains poorly 
understood. Beneficial microbial communities represent a yet untapped resource that can 
be used to improve crop performance under conditions of changing global climate and 
will complement conventional and molecular plant breeding efforts. My research project 
aimed to bridge these gaps by investigating molecular pathways involved in biofilm 
development and the uptake and synthesis of osmoprotectants in the model 
rhizobacterium P. synxantha 2-79. In contrast to biocontrol and plant growth-promoting 
traits of 2-79, the molecular mechanisms that enable this strain and related rhizobacteria 
to adapt to the water-stressed environment remain poorly understood. Accordingly, my 
project seeks to characterize microbial traits that are essential for effective colonization of 
the plant rhizosphere and provide insight into the role that compatible solutes and 
biofilms play in the rhizobacterial response to drought stress. The specific aims of my 
project are:  
1) Establish a greenhouse drought stress assay for B. distachyon Bd21; 
2) Evaluate the effect of water stress on the expression of genes involved in the uptake 
and synthesis of compatible solutes and production of biofilms in the model 
biocontrol rhizobacterium P. synxantha 2-79; 
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3) Characterize the contribution of osmoprotectant and biofilm pathways to the ability 
of 2-79 to persist in vitro and in the rhizosphere under water stress.
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CHAPTER II - MATERIALS AND METHODS 
2.1 Construction of isogenic mutants of P. synxantha 2-79 
Targets for allelic replacement mutagenesis included genes involved in the uptake 
and synthesis of osmoprotectants and the production of biofilm matrices. Areas flanking 
each gene were amplified by PCR with Q5 Hot Start High Fidelity Master Mix (New 
England Biolabs, Ipswich, MA, USA) and primers listed in Table A.1. The amplicons 
were purified with a Gene Jet PCR Purification Kit (Thermo Fisher Scientific, Hampton, 
NH) or gel-purified with a GelElute Extraction Kit (5Prime Inc., Gaithersburg, MD). The 
purified amplicons were ligated with linearized gene replacement vector pEX18Gm 
(Hoang et al., 1998) using NEBuilder HiFi DNA Assembly Master Mix (New England 
Biolabs), and transformed into Escherichia coli DH5. The transformants were selected 
on Luria-Bertani (LB) agar amended with 15 µg mL-1 gentamycin, and integrity of the 
recombinant pEX18Gm-based plasmids was verified by sequencing with forward and 
reverse M13 primers at Eurofins Scientific (Louisville, KY). 
The verified plasmids were introduced into the spontaneous rifampicin-resistant 
(Rifr) mutant of P. synxantha 2-79 by electroporation. Electrocompetent cells were 
prepared by growing 2-79 overnight on LB agar at 27°C, and then collecting and washing 
bacterial cells twice with ice-cold 10% glycerol. One-hundred microliter aliquots of the 
cell suspension were mixed with 0.5 µg of plasmid DNA, transferred into a 0.1-cm gap 
cuvette, and electroporated with an Electroporator 2510 (Eppendorf, Hauppauge, NY) at 
1.8 kV, 10 µF, and 600 Ohms. Immediately after the pulse, the cells were suspended in 1 
mL of LB broth and incubated with shaking (220 rpm) for 3 h at 27°C. The single 
crossover recombinants were selected by plating the transformed cells on LB agar 
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amended with 90 μg mL-1 of gentamycin and incubating them for two days at 27°C. In 
order to select double crossovers, several gentamycin-resistant colonies were inoculated 
in 0.5 mL LB broth and grown at 27°C with shaking (220 rpm) for 2-3 hr. The cultures 
were then plated on LB agar amended with 5% sucrose and incubated for two days at 
27°C. Several sucrose-resistant colonies were transferred onto fresh LB agar plates and 
screened by PCR for the presence of desired deletions using an appropriate forward gene-
specific primer and deletion-specific primer Stop (e.g., primers betT1-1 and Stop were 
used to verify the betT1 mutant) (Table A.1).  The loss of the pEX18Gm plasmid 
backbone was verified by PCR with sacB- and aacC1-specific primers (Mavrodi et al., 
2006). The confirmed mutants were stored at -80°C in the form of glycerol stocks. 
2.2 The utilization of quaternary ammonium compounds (QACs) as a sole carbon 
source 
The ability of 2-79 and its isogenic mutants to catabolize QACs was tested in the 
½-21C minimal medium (Chen & Beattie, 2007; Chen et al., 2013). Strains were grown 
overnight on full-strength 21C plates with 10 mM glucose and 20 mM pyruvate as C 
source. Bacteria were scraped from the plates, washed, and inoculated at a final 
concentration of 106 CFU mL-1 into ½-21C amended with 20 mM of choline, glycine 
betaine, sarcosine, or carnitine. The cultures were incubated for 48 h at 27°C, and the 
growth was monitored by taking hourly measurements of optical density at 600 nm 
(OD600) with a Synergy 2 microplate reader (BioTek, Winooski, VT). Growth rates were 
converted to log CFU mL-1, and differences among treatments were determined with JMP 
v.14 (SAS Institute, Cary, NC) by ANOVA or, when appropriate, by Kruskal-Wallis test 
(P ≤ 0.05) with mean comparisons among treatments performed by the Tukey-Kramer 
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HSD test (P ≤ 0.05). All treatments had three replicates, and the entire experiment was 
repeated. 
2.3 Osmoprotection assays 
The bacteria were inoculated into ½-21C medium containing 10 mM glucose and 
20 mM pyruvate as C source at 106 CFU mL-1. The cultures were also amended with 
increasing amounts of NaCl or polyethylene glycol (PEG) 8000 to impose osmotic or 
matric water stress. Finally, the growth medium was also supplemented with 1 mM 
choline, glycine betaine, sarcosine, or carnitine to determine the capacity of these QACs 
to rescue the growth of water-stressed 2-79 and its isogenic mutants. The control 
treatments did not receive QACs. All cultures were incubated at 27°C in 96-well 
microtiter plates, and bacterial growth was monitored by measuring OD600. For each 
treatment, the OD600 data representing the total growth response at 48 h was converted 
into an area under the growth progress curve (AUGPC) using the trapezoidal integration 
method (Landa et al., 2002). The AUGPC values were analyzed by ANOVA or Kruskal-
Wallis test, and mean comparisons were assessed by Tukey-Kramer HSD test (P ≤ 0.05). 
Each treatment had at least three replicates, and the experiment was repeated. 
2.4 Heat and cold shock protection assays 
The strains were cultured overnight on full-strength 21C agar amended with 10 
mM glucose and 20 mM pyruvate, after which the cells were scraped from the plates and 
suspended in the ½-21C-glucose-pyruvate medium at 107 CFU mL-1. The cultures were 
then supplemented with 1 mM choline, glycine betaine, sarcosine, or carnitine to 
determine the capacity of these QACs to protect 2-79 Rifr WT from thermal stress. The 
control treatments did not receive QACs. In order to induce cold shock, test tubes 
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containing 3 mL of adjusted cultures were incubated statically at 10°C and 17°C, whereas 
the heat shock was administered at 32°C, 35°C, 37°C, 39°C, and 42°C. Control cultures 
were incubated at 27°C, which is the normal growing temperature for 2-79. The effect of 
QACs on the growth at different temperatures was monitored by measuring the 
absorbance at 600 nm. 
2.5 Biofilm assays 
The ability of wild-type 2-79 and its algD, psl, and eps mutants to form static 
biofilms was determined using the crystal violet biofilm assay developed by O’Toole 
(2011). Briefly, fresh bacterial cultures were adjusted to OD600 of 0.1 in potato dextrose 
broth (PDB) (Difco) and dispensed in 100-µL aliquots into 96-well U-bottom PVC 
microplates (Costar). The inoculated microplates were incubated for 48 h at 27°C, after 
which all wells were gently rinsed with water and filled with 0.1% solution of crystal 
violet. After 15 min of staining, the microplates were rinsed, dried, and the retained dye 
was solubilized with 30% acetic acid. The amount of the retained dye was quantified by 
measuring absorbance at 550 nm. The experiments were repeated twice, with 30 
replicates per strain. The osmotic and matric forms of water stress were induced by 
amending PDB with 0.15 M NaCl or 10% PEG 8000. 
2.6 Desiccation tolerance assay 
The desiccation tolerance assays were performed as described by Stockwell and 
Loper (Stockwell and Loper, 2005). Bacterial strains were grown on LB agar for 16 h at 
27°C. Cells were then suspended in phosphate-buffered saline (PBS) at 108 CFU ml-1. 
Ten-microliter aliquots of the adjusted cell suspensions were pipetted onto 1 cm2 pieces 
of sterile filter paper and placed into a desiccator containing vessels with water (control) 
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or saturated solution of NaCl (to maintain a relative humidity of 75%). The bacterial 
viability was determined at 0, 1, 3, and 5 hours. At each time point, individual filters 
were transferred into 1 ml of PBS, sonicated for 3 min, and bacterial counts were 
enumerated in CFU mL-1 by microplate terminal dilution assay (O. V. Mavrodi et al., 
2012). 
2.7 The construction of P. synxantha 2-79 bioreporters 
To characterize the impact of water stress on 2-79,  promoters of selected water 
stress response genes were fused with the ice nucleation inaZ reporter of the stable broad-
host-range vectors pPROBE-TI (Mavrodi et al., 2006).  For example, to construct the 
betT1 reporter, the target promoter region of this gene was amplified by PCR with 
Phusion DNA polymerase (Thermo Fisher Scientific) and primers betT1F/betT2RinaZ 
(Table A.1). The amplicon was purified with Gene Jet PCR Purification Kit (Thermo 
Fisher Scientific) and cloned into pPROBE-TI digested with EcoRI and HindIII using the 
Gibson Assembly Master Mix (New England Biolabs). The resultant plasmid was 
verified by single-pass sequencing and electroporated into P. synxantha 2-79. Clones 
carrying the inaZ reporter plasmids were selected and maintained on LB medium 
amended with 25 µg mL-1 tetracycline. Reporter plasmids containing promoters of cbcX 
and opuC were constructed identically using primer sets cbcXF/cbcXRinaZ and 
opuCF/opuCRinaZ, respectively (Table A.1). 
2.8 Ice nucleation activity (INA) reporter assays 
The in planta expression of the inaZ reporter in derivatives of 2-79 was measured 
as follows. Seeds of B. distachyon Bd21 were surface sterilized with 1.5% NaOCl, rinsed 
twice with distilled water, stratified for three days at 4°C in the dark, and pregerminated 
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for two days at room temperature on 0.8% water agar. The pregerminated seeds were 
inoculated by soaking for 30 min in water containing 107 CFU mL-1 of an appropriate 
bioreporter strain. The control plants were treated only with water. The bacterized seeds 
were placed in CYG seed germination pouches (GP) (Mega International, Newport, MN) 
moistened with sterile 0.2 Hoagland’s solution (Hoagland & Arnon, 1950). The pouches 
with plants were incubated for five days in an I-75A reach-in environmental chamber 
(Percival Scientific, Perry, IA) under 20 h light, 24°C/4 h dark, 18°C cycle. On the fifth 
day, the plants were water-stressed by adding to each pouch six milliliters of 0.1M NaCl 
(osmotic water stress) or 10% PEG (matric water stress) and incubated in the 
environmental chamber for two additional days. The control treatments were watered 
with sterile distilled water. 
In order to measure the INA activity, 5 or 6 root systems were placed into a 50-
mL centrifuge tube containing 10 mL sterile distilled water. Each centrifuge tube was 
treated as a replicate, and each bioreporter was assayed in triplicate. The tubes were 
vortexed and treated for 1 min in an ultrasonic bath (Thermo Fisher Scientific). The 
resultant root wash was used to enumerate bacteria by the microplate endpoint dilution 
assay (O. V. Mavrodi et al., 2012), and measure the ice nucleation activity (INA) by the 
droplet freezing assay (Leveau et al., 2007). Serial tenfold dilutions were prepared in 
phosphate-buffered saline (pH 7.0) solution, and forty 10-μL droplets from each dilution 
were pipetted onto the surface of a foil boat placed in a supercooled (-5°C) circulating 
bath. After 2 min, frozen droplets were counted, and dilutions containing 4 to 34 frozen 
droplets were selected to determine the level of active ice nuclei. INA values were 
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calculated using the method of Vali (Vali, 1971) by normalizing the number of active ice 
nuclei to the number of bacterial cells:   





Ice nuclei per milliliter was calculated using the formula:  
 











where No= total number of droplets tested; Nf = the number of droplets that froze; V= 
volume of each droplet; and D = dilution from the original culture that was used in the 
assay. 
2.9 Greenhouse water stress assay for B. distachyon Bd21 
Before starting plant experiments, the field capacity (FC) of the potting mix was 
determined using standard methods described previously for wheat (Manmathan and 
Lapitan, 2013). Seeds of B. distachyon Bd21 were surface sterilized as described above 
and stratified at 4°C in the dark for three days. Plastic pots (8.9  6.5 cm) were filled with 
Sunshine Potting Mix #4 (SunGro Horticulture, Agawam, MA) and watered to 70% FC. 
In each plastic pot, two seeds were carefully planted awn up into 2-cm-deep holes (with 5 
cm spacing in between seeds) using sterile forceps and were covered with loose 
moistened soil. 
Plants were grown in an IR-89X (Percival Scientific, Perry, IA) controlled 
environment chamber retrofitted with Spectralux grow lights (T5 HO 54W, 6500°K and 
3000°K) under 20 h light, 24°C/4 h dark, 18°C cycle. For the initial seven days, the 
plants were watered with distilled H2O and fertilized with the Peters Professional 20-20-
20 General Purpose fertilizer (ICL Specialty Fertilizers Summerville, SC). The control 
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pots were maintained between 50 and 70% FC for the entire duration of the experiment, 
while pots containing water-stressed plants were dried down to 20% FC and 10% FC for 
moderate and severe drought, respectively. There were eight replicates (4 pots  2 plants) 
for each water treatment. Pots were weighed daily and watered individually to maintain 
the target moisture level. Since Brachypodium grows most actively in the early morning 
hours, the watering was performed 8 h after the onset of the light period (Verelst et al., 
2013). Water was added to the outer edges of the pots avoiding the direct vicinity of the 
plants.  The pots were grouped in the growth chamber by treatment for more efficient 
maintenance of the water level. However, each treatment’s location inside the growth 
chamber was alternated every other day to minimize the differential effect of light 
intensity on plant growth. 
Morpho-physiological parameters such as stem water potential, leaf relative water 
content, and shoot length were measured to evaluate the water stress status of the 
subjected plants. To measure the relative water content, four 4-5-cm-long segments of 
young fully expanded leaves were collected from the control and water-stressed Bd21 
plants (five plants per replicate). The leaves were covered immediately with a plastic 
wrap to minimize evaporation, stored in the dark until ready to measure fresh weight 
(FW). Then the leaves were hydrated by floating on distilled water in a closed Petri plate 
for 5 h at room temperature in the dark. After hydration, the leaves were briefly blotted 
with filter and weighed to determine the turgid weight (TW). Samples were then oven-
dried at 80°C for 24 h and weighed to obtain the dry weight (DW). The RWC was 
determined as follows: RWC = (FW – DW)/(TW – DW)  100 (Tatli et al., 2017). The 
midday stem water potential (ψ) were measured between 11 AM and 1 PM using a Model 
 
21 
1000 pressure chamber (PMS Instrument Co., Albany, OR). The ψ readings were taken 
during the 3rd and 4th week of the drought stress experiment using five randomly chosen 
plants. The shoot length measurements were recorded from eight plants every other day 
after the imposition of water stress until the termination of the experiment starting from 
the 1st day after water withdrawal until the 20th day. 
2.10 Rhizosphere cycling colonization assays 
Pseudomonas synxantha 2-79 and its isogenic mutants were tested for their ability 
to persist in the rhizosphere of well-watered and drought-stressed plants. The mutants 
were tested individually, as well as in competition with the wild type parental strain. 
Freshly grown bacteria were suspended in PBS containing 1% methylcellulose and 
inoculated into potting mix. Isogenic mutants were inoculated individually at 
approximately 1  105 CFU g-1 of soil, or in combination (1:1 ratio) with the wild type 2-
79 at approximately 0.5  105 CFU g-1 of soil for each strain. The actual inoculation 
density of each strain was determined by assaying 0.5 g of the potting mix by the 
endpoint dilution assay (Mavrodi et al., 2012). The negative control treatment received 
only 1% methylcellulose without bacteria. Plants were grown under water-replete (50% 
FC) and drought stress conditions (10%) for three successive 3-week cycles and after 
each cycle, population densities of bacteria were enumerated as described by Mavrodi et 
al. (2006)  
Sampling was done by taking six randomly chosen plants from each treatment. 
The roots were excised and placed into centrifuge tubes containing 10 mL of sterile 
water. The bacteria were dislodged by vortexing and sonication and enumerated by the 
microplate endpoint dilution assay (O. V. Mavrodi et al., 2012). To quantify populations 
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of isogenic mutants in mixed inoculations, microplate wells showing bacterial growth 
(OD600 > 0.1) were screened by PCR with an appropriate gene-specific forward primer 
and the reverse primer Stop (Table A.1). The amplifications were performed with 
DreamTaq DNA polymerase (Thermo Fisher Scientific) and the cycling program for the 
multiple QAC transporter mutant gene-specific opuC1/STOP primer consisted of a 2-min 
initial denaturation at 94°C, followed by 29 cycles of 94°C for 20 s, 55°C for 15 s, and 
72°C for 35 sec. For alg1/alg4 primers and psl1/psl4 primers, the cycling program was 
similar except that the extension step was set at 72°C for 1 min. After transformation to 
log CFU g root-1, the mean population density data were analyzed by ANOVA or, when 
appropriate, by Kruskal-Wallis test (P ≤ 0.05) with the mean comparisons among 




CHAPTER III - RESULTS 
3.1 The genome of Pseudomonas synxantha 2-79 encodes multiple classes of water 
stress response pathways 
The genome sequence of 2-79 was interrogated for the presence of water stress 
response pathways using resources of the Integrated Microbial Genomes and 
Microbiomes of the DOE Joint Genome Institute (JGI IMG/M) (Chen et al., 2019),  
Pseudomonas Genome Database (Winsor et al., 2016), and  MetaCyc Metabolic Pathway 
Database (Caspi et al., 2018). Results of this analysis revealed the presence of conserved 
pathways that function in i) de novo synthesis of microbial osmoprotectants, ii) the 
uptake and catabolism of plant-derived quaternary amine osmoprotectants and their 
precursors, and iii) pathways involved in the aggregation and formation of biofilms. 
Specifically, the 2-79 genome encodes two routes for the de novo synthesis of the 
osmoprotectant trehalose (Figure 3.1A). The first pathway consists of the 
maltooligosyltrehalose synthase TreY and maltooligosyltrehalose trehalohydrolase TreZ 
that form trehalose via degradation of cytosolic glucans (Chandra et al., 2011). The 
second pathway consists of the trehalose synthase TreS that catalyzes a reversible 
conversion of maltose to trehalose. The strain also can produce the osmoprotectant N-
acetyl glutaminyl glutamine amide (NAGGN) through the concerted action of the N-
acetylating and peptide bond–forming amidotransferase GgnA and the GNAT 
superfamily N-acetyltransferase GgnB (Figure 3.1B). 
The 2-79 genome encodes an extensive set of pathways that function in the uptake 
and catabolism of quaternary amine compounds (QACs). The genome analysis suggested 














Figure 3.1 Schemes depicting 2-79 genes and enzymes involved in the de novo 
biosynthesis of trehalose (A) and NAGGN (B), and the uptake and catabolism of QACs 
(C). 
Red crosses indicate genes that were selected for the construction of isogenic mutant used in this study.  
cassette (ABC) transporters, which use ATP to actively transport substrates, and ii) 
transporters of the betaine-carnitine-choline (BCCT) family that are energized by proton 






BCCT family transporters (BetT1, BetT2, and BetT3) (Figure 3.1C). The genome also 
encodes pathways involved in the catabolism of choline, glycine betaine (GB), carnitine, 
choline-O-sulfate, and sarcosine, as well several regulatory genes (including gbdR) that 
govern the transport and utilization of QACs and detoxification of the catabolic 
byproducts. 
The genome of 2-79 contains multiple genes that are predicted to function in the 
formation of biofilms. We identified a 12-gene alg operon that is involved in the 
synthesis of the capsular exopolysaccharide alginate, as well as a cluster of 11 co-
transcribed genes that function in the production of the aggregative exopolysaccharide 
Psl. The genome also contains a 15-gene cluster that encodes multiple polysaccharide 
biosynthesis and modification enzymes. We preliminary termed the locus eps and 
included it in our experiments. In addition to 2-79, this locus is present in several other P. 
fluorescens strains but absent from P. aeruginosa, P. syringae, or P. putida. The presence 
of a putative O-antigen ligase suggests that eps genes may not be involved in the 
production of an aggregative exopolysaccharide, but rather function in the modification 
of O-antigen. Based on preliminary results obtained in our group, we focused future 
experiments on the contribution of plant derived QACs and biofilms to the ability of 2-79 
to adapt to water stress. 
3.2 The effect of water stress on the in vitro growth of P. synxantha 2-79 
In order to select an adequate level of water stress for downstream experiments, 
we grew the wild-type P. synxantha 2-79 in the low osmoticum ½-21C medium amended 
with varying concentrations of the permeating solute NaCl (osmotic stress) or 
nonpermeating solute PEG 8000 (matric stress). Results of these assays showed that 
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levels above 0.2 M NaCl and 10% w/v PEG 8000 strongly reduced the growth of 2-79 
compared to the control (Figure 3.2A). Therefore, the rest of the osmotic or matric stress 
experiments of this study were conducted by treating cultures with 0.3–0.4 M NaCl or 
10-20% PEG 8000. 
 
Figure 3.2 The effect of varying concentrations of NaCl and PEG 8000 on the growth of 
P. synxantha 2-79 in the low osmoticum ½-21C-glucose-pyruvate medium without (A) 
and with 1 mM choline (B). 
All strains were inoculated in the ½-21C medium to a density of 106 CFU mL-1 and exposed to increasing levels of NaCl and PEG 
8000. The bacteria were cultured in microtiter plates at 27°C, and the growth was monitored by measuring optical density at 600 nm 
(OD600). Values are means (n = 3). 
We further treated water-stressed 2-79 with the common microbial osmolyte 
choline, to determine if the detrimental effects of NaCl and PEG 8000 can be negated by 
exposure to an exogenous osmoprotectant. Although the treatment did not affect PEG-
treated cultures, the presence of 1 mM choline effectively rescued the growth of 2-79 
challenged with 0.2–0.5 M NaCl (Figure 3.2B). In some microorganisms, the 
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accumulation of compatible solutes is employed to achieve protection from thermal 
stress. Hence, we examined the effect of choline and structurally related QACs on the 
growth of 2-79 at low- and high-temperature boundaries of growth. Contrary to the 
osmotically stressed bacteria, the addition of QAC compounds did not affect the growth 
of cultures exposed to cold and heat stress (Figure A.1). 
3.3 P. synxantha 2-79 utilizes QACs both as nutrients and osmoprotectants 
We constructed a series of isogenic mutants and used them to investigate the 
contribution of QAC and biofilm pathways to the ability of 2-79 to resist water stress. 
Specifically, we deleted the ggnA and treS genes that function, respectively, in the 
synthesis of NAGGN and trehalose (Figure 3.1). We inactivated (individually and in 
combination) the BCCT transporter genes betT1, betT2, and betT3. We also deleted four 
genes that encode components of the ABC-type transporters Opu and Cbc, and the 
periplasmic solute-binding protein CbcX. Finally, we introduced mutations into gene 
clusters that function in the production of alginate, Psl, and putative exopolysaccharide 
Eps. We compared the susceptibility of these mutants to osmotic stress imposed by the 
treatment with NaCl. Results of that experiment revealed that osmotic stress significantly 
curtailed the growth of strains deficient in the synthesis of NAGGN and trehalose (Figure 
3.3). Among the biofilm pathway mutants, the growth of the eps mutant was 
significantly reduced compared to the wild-type 2-79. The growth of other mutants was 
not significantly affected when compared to the parental strain. 
The effect of transporter mutations on the ability of 2-79 to catabolize 
exogenously applied QACs was investigated under water-replete conditions and during 
water stress imposed with 0.2 M NaCl. Under both conditions, 2-79 utilized as a sole 
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carbon source choline, glycine betaine, and sarcosine (but not carnitine), and the best 
growth was observed in the medium amended with GB (Figures 3.4, C.1). The isogenic  
 
Figure 3.3 The contribution of pathways involved in the de novo synthesis of 
osmoprotectants (NAGGN, treS), uptake of QACs (betT1, betT2, betT3, cbcXW, opuC), 
and production of biofilm matrices (alg, psl, eps) to the ability of 2-79 to resist osmotic 
stress. 
All strains were inoculated in the ½-21C medium at 106 CFU mL-1 and water stress was induced by amending the medium with 0.45 
M NaCl. The bacteria were cultured in microtiter plates at 27°C, and the growth was followed by measuring the optical density at 600 
nm. The OD600 attained by the wild-type 2-79 after 48 h of growth was set as 100%. All assays were repeated, and asterisks indicate 
means (± SD) that are significantly different at P < 0.05. 
transporter mutants also exhibited similar phenotypes under both the control and water 
stress conditions. The double betT1/ betT2 mutant exhibited a weaker growth on choline, 
whereas the inactivation of the ABC-type transporter CbcXW resulted in the inability to 
catabolize this C source (Figures 3.4, C.1). Interestingly, the growth on glycine betaine 
and sarcosine remained unaffected even in the multiple 
betT1/betT2/betT3/cbcWVopuC mutant, thus suggesting the presence of other yet 








Figure 3.4 The effect of mutations in selected transporter genes on the ability of P. 
synxantha 2-79 to catabolize QACs (20 mM) under water-replete condition. 
Bacterial strains were grown under water-replete conditions at 27C in ½-21C with QACs supplied as sole source of C. The growth 
















Figure 3.5 Osmotic protection conferred by different QACs to P. synxantha 2-79.  
All strains were cultured in ½-21C with glucose and pyruvate in the presence of 1 mM QACs and varying concentrations of NaCl, and 
OD600 was measured after 48 h of growth at 27°C (A). The OD600 data from the varying NaCl concentration treatments were also 
expressed as the area under the growth progress curve (AUGPC) values (B). Values are means (n = 3), and error bars are SD. Red 





Under the water stress and in the presence of an alternative C source (glucose, 
pyruvate), 2-79 used exogenous quaternary ammonium compounds for osmotic 
protection. Among the tested QACs, GB and choline functioned as the most effective 
osmoprotectants, whereas sarcosine was the least effective, and its effect diminished at 
NaCl concentrations above 0.3 M (Figure 3.5). The analysis of transporter mutants 
revealed that the uptake of carnitine for osmoprotection is provided exclusively by the 
OpuC transporter. The uptake of the other QACs likely requires a coordinate action of 
BetT1, BetT2, BetT3, and OpuC systems, as evident from the decline in the ability to 
utilize choline and GB as osmoprotectants observed in multiple mutants. The reduced 
growth of the triple mutant (betT1,  betT2, cbcXW) suggests that betT3 and opuC 
contribute to the uptake of choline. Finally, the multiple 
(betT1/betT2/betT3/cbcWV/opuC) mutant lost the ability to use any quaternary 
ammonium compound as osmoprotectants. 
We also constructed ice nucleation bioreporter derivatives of 2-79 to probe the 
expression of BetT1, CbcXWV, and OpuC transporter genes during the microbial 
colonization of the host plant. The bioreporter strains were introduced in the rhizosphere 
of water-replete, and water-stressed B. distachyon and changes in the expression of target 
genes were monitored by measuring ice nucleation activity (INA). Results of these assays 
revealed that all tested promoters were active in 2-79 colonizing plant roots. The reporter 
assays also revealed that the selected QAC transporter genes were up-regulated in 
bacteria isolated from water-stressed plants relative to their counterparts recovered from 
the water-replete control. The highest overall INA values were observed in the opuC 
promoter fusion, followed by the betT1 and cbcX bioreporters (Figure 3.6). 
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Figure 3.6 The in planta expression of QAC transporter genes under osmotic and matric 
forms of water stress.  
Values are ratios of the ice-nucleation activity values measured in bacteria recovered from B. distachyon Bd21 challenged with NaCl 
(osmotic stress) (A) or PEG 8000 (matric stress) (B) to INA values of the same bioreporter strain from the roots of well-watered 
control (n=3). 
3.4 The contribution of biofilm pathways to the desiccation tolerance of P. 
synxantha 2-79 
The importance of biofilm pathways for the tolerance of water stress was 
evaluated by comparing the ability of alg, psl, and eps mutants to form biofilms in the 
presence of NaCl and PEG 8000. Results of these experiments revealed that amount of 
biofilm formed by the mutants under the control and water stress conditions did not differ 
significantly from the wild-type 2-79 (Figure 3.7). The only exception was observed in 
the eps mutant that, especially under matric stress, produced higher amounts of biofilm 
compared to the parental strain and the alg and psl mutants. The biofilm pathway mutants 
were also exposed to desiccation stress under 75% relative humidity. The assays revealed 
that, after one hour at 75% RH, the psl and eps mutants underwent approximately 3 log 




The numbers of viable cells were approximately similar for all strains after 3 and 5 hours 
of the desiccation stress. 
Figure 3.7 The effect of mutations in alginate, Psl, and Eps pathways on the ability of 2-
79 to form biofilms under the osmotic (A) and matric (B) forms of water stress. 
All strains were inoculated into potato dextrose broth (PDB) at 107 CFU mL-1 and cultured in microtiter plates at 27°C. The water 
stress was induced by supplementing the medium with NaCl or PEG 8000. The growth was monitored by measuring optical density at 
600 nm (OD600). Biofilms were quantified by measuring the amount of bound crystal violet at 550 nm. All assays were repeated. The 






Figure 3.8 The effect of alg, psl, and eps pathway mutations on the resistance of 2-79 to 
desiccation stress at 75% relative humidity. 
The proportion of culturable bacteria at different times of the exposure was estimated by the endpoint dilution method. The survival 
ratio was calculated by dividing the population size at a given time point by the population size of the initial sample. The experiment 












3.5 Establishment of a greenhouse drought stress assay for B. distachyon Bd21 
To establish the greenhouse drought stress assay for B. distachyon, we measured 
the water-holding capacity of the Sunshine potting mix. We observed that, after the 
withdrawal of water, it takes the potting mix approximately one week to reach the level 
of 20% field capacity (FC), and 11 days to get down to 10% FC (Figure D.1). We used 
this preliminary information in the future drought stress experiments, where plants were 
watered well for one week, after which the watering was adjusted to maintain the control 
treatment at between 50 and 70% FC, while the moderate and severe drought treatments 
were kept at 20% and 10% FC, respectively. Under these conditions, the first signs of 
water stress were evident on the 9th day of water withdrawal (WW) in the form of curled 
or wilted leaves in plants maintained both at 20% and 10% FC (Figure D.2). After one 
week of WW, the lack of water also strongly affected the plant growth resulting in 
reduced shoot length. Approximately two weeks after WW, plants in the severe drought 
treatment (10% FC) stopped growing and were dead based on visual assessment on the 
fourth week of the experiment. We also assessed the severity of water stress by 
measuring the stem water potential (ψ stem) on the 3rd and 4th weeks after the water 
withdrawal. After three weeks of drought stress, plants in the 20% FC treatment 
registered -0.95 MPa compared to the control group that measured -0.25 MPa (Figure 
D.2). In contrast, plants from the 10% FC group appeared withered and desiccated, and 
no water bubbles came out of their stems even under 5-6 MPa (50-60 Bars) of pressure. 
After four weeks, all plants in the 10% FC treatment were dead. These results agreed 
with the relative leaf water content, which was significantly higher in the well-watered 
control compared to the plants subjected to both levels of drought stress. 
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3.6 The contribution of QAC transporters and biofilm pathways to the rhizosphere 
fitness of 2-79 
We used selected isogenic mutants to test the contribution of cellular pathways 
that function in the uptake of QACs and formation of biofilms to the ability of 2-79 to 
adapt to water stress in the bulk soil and plant rhizosphere. First, we compared the 
capacity of QAC transporter and biofilm mutants to resist extended desiccation in bulk 
soil. This was performed by inoculating bacteria into the potting mix that was 
equilibrated to 70% FC and then allowed to dry in an environmental growth chamber for 
the duration of the experiment (40 days). Our results revealed that 2-79 tolerates 
desiccation in soil significantly better compared to the drying with air, where bacteria 
were inoculated on sterile filters and incubated in a biosafety cabinet or desiccator 
equilibrated to 75% RH. Throughout the experiment, bacterial populations gradually 
declined after stabilizing at approximately log 4 CFU g-1 soil (Figure 3.9). The individual 
values fluctuated, but there was no overall significant difference in the viability between 
the wild-type strain and its isogenic mutants. 
We further compared the relative fitness of the wild-type P. synxantha 2-79 and 
its multiple QAC transporter (betT1/betT2/betT3/cbcWV/opuC), alg, and psl 
mutants in a competitive rhizosphere colonization cycling experiment with B. distachyon 
Bd21. The isogenic mutants were introduced into the potting mix either individually or as 
mixed inoculations (1:1 ratio) with the wild-type strain. The inoculated soil was used to 
grow B. distachyon Bd21 for three successive 3-week cycles. Throughout the experiment, 
the water replete controls were maintained at 50% FC, whereas drought-stressed plants 












Figure 3.9 The contribution of pathways involved in the uptake of QACs and formation 
of biofilms to the viability of P. synxantha 2-79 in drying soil.  
The soil was equilibrated to 70% FC and inoculated with 107 CFU mL-1 of the wild-type 2-79 and its isogenic mutants. The inoculated 
soil was incubated for 40-days at 27°C and sampled regularly to monitor the decline in the viability by the endpoint dilution method. 
Values are means (n = 3), error bars are SD.  
The effect of water deprivation on B. distachyon Bd21 was evaluated by measuring 
morphological and physiological parameters twice after the onset of the drought stress. 
Our results revealed that drought-stressed plants appeared stunted both in the 4th and 6th 
weeks of the experiment (Figure 3.10). In addition, these plants differed significantly 
from the well-watered control group in their shoot length, stem water potential, and the 
leaf relative water content, which collectively pointed at the significant level of water 
stress. 
The rhizosphere population densities of the multiple QAC transporter mutant 
were similar to wild type 2-79 after the first cycle, and they increased by about 1 log, 
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especially under well-watered conditions (70% FC) (Figure 3.11A). In cycle 2, the levels 
of the mutant in the plant rhizosphere densities started to decline both in the single and  
mixed inoculation treatments. In cycle 3, the single inoculation densities of the parental 
strain and the mutant remained similar at both water treatment levels. I contrast, in the 
mixed inoculations, the QAC transporter mutant colonized the Brachypodium rhizosphere 










Figure 3.10 The effect of water deprivation on B. distachyon Bd21 after four and six 
weeks of the drought stress experiment. 
Shoot length (cm) of B. distachyon Bd21 at the 4th and 6th weeks of the drought stress experiment (A), stem water potential (ψ stem) 
(B), leaf relative water content (LRWC) (C), and the overall appearance of plants (D). The measurements are means of five plants  
SD. Asterisk denotes statistically significant results based from one-tailed t-test (P < 0.05). 
 
As in the case of the transporter mutant, the colonization densities of the alginate 




inoculations, the densities of the two strains were similar in the first two cycles under 
both levels of soil moisture. Although a similar trend was observed in the third cycle for 
the well-watered control, under the conditions of drought stress, the wild type 2-79 
outcompeted its isogenic alg mutant. In all mixed inoculation treatments, the population 
densities of the two strains were similar across all three sampling points. 
Figure 3.11 Rhizosphere fitness of wild-type 2-79 and its isogenic mutants deficient in 
the production of multiple QAC transporters (A), and alginate (B) or Psl (C) 
exopolysaccharides.  
The plants were grown for three consecutive 3-week cycles as described in Materials and Methods. Each strain was introduced into 
the soil at a final density of approximately 105 CFU per g of soil (cycle 0) in single inoculations and approximately 0.5x105 CFU per g 
of soil in mixed inoculations (1:1 ratio). The bars are means, and the error bars are standard deviations. Bars in the same cycle and 




water treatment followed by the same letter are not significantly different as assessed by Tukey-HSD multiple comparisons test (P > 
0.05). 
 Finally, the population dynamics of the psl mutant in the first cycle was overall 
similar to that of the wild type, except for the drought-stressed single inoculation 
treatment (Figure 3.11C). However, in the second cycle, no significant differences were 
observed between the two strains regardless of the soil moisture level. In contrast, in the 
third cycle, the psl mutant colonized Brachypodium roots significantly less than the wild-
type 2-79 in individual inoculations on the drought-stressed plants. The difference was 
















CHAPTER IV -  DISCUSSION 
Pseudomonas synxantha 2-79 exemplifies a complex of indigenous phenazine-
producing microorganisms that inhabit the rhizosphere of cereal crops grown in the low 
precipitation zone of the Columbia Plateau (Mavrodi et al., 2012). These rhizobacteria 
provide the natural defense of roots against soilborne diseases and therefore are essential 
to plant health and sustainable agriculture. Previous studies revealed that 2-79-like 
bacteria had a broad geographic distribution and flourished and produced PCA in the 
rhizosphere of commercially grown cereals under surprisingly arid conditions (<165 mm 
annual precipitation) (Mavrodi et al., 2012). These microorganisms were significantly 
less abundant or non-detectable in neighboring higher precipitation areas. These results 
represent the first example of the plant-driven selection of a defined group of 
rhizobacteria that occurs on such a large scale in response to changes in soil moisture. 
Furthermore, the direct comparison of adjacent irrigated and dryland wheat fields 
demonstrated that irrigation negatively affects 2-79-like bacteria leading to a significantly 
reduced plant colonization frequency, population levels, and in situ production of PCA 
(Mavrodi et al., 2018). These findings suggest that soil moisture represents a critical 
abiotic factor driving the development of Phz+ populations and that the 2-79-like 
pseudomonads are adapted to the rhizosphere of cereals growing in low precipitation 
areas. 
Microorganisms employ different cellular mechanisms to defend themselves from 
the detrimental effects of water stress. The emergency response involves a temporary 
increase of the internal K+ content to limit the efflux of water (Bremer and Krämer, 
2019). In contrast, the sustained form of the water stress response includes the synthesis 
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and import of metabolites known as compatible solutes. Microbial compatible solutes 
include highly soluble sugars, polyols, amino acids, sulfate esters, and quaternary 
ammonium compounds (QACs) that have a neutral net charge at physiological pH. When 
accumulated at sufficient levels, compatible solutes protect microorganisms by restoring 
and maintaining turgor and stabilizing cellular components from denaturing effects of 
osmostress (Kempf and Bremer, 1998; Chen et al., 2013; Bremer and Krämer, 2019). The 
uptake of compatible solutes often represents a preferred way of counteracting water 
stress in comparison to the de novo synthesis, since it allows microorganisms to save 
carbon and energy resources. Genes involved in the production and import of compatible 
solutes exhibit expression patterns that are congruous with the severity of the experienced 
water stress (Wood, 1999; Bremer and Krämer, 2019). Yet another defensive 
physiological response to desiccation involves aggregation and formation of biofilms. 
Biofilm matrices are formed as a result of the interaction of various components, 
including different polysaccharides, LPS, and proteinaceous attachment fibers (Flemming 
and Wingender, 2010). In some pseudomonads, alginate has been implicated as a 
particularly important biofilm component in survival under water-limiting conditions 
(Chang et al., 2007). 
The ongoing studies in the Mavrodi lab revealed that root exudates of B. 
distachyon contain over 140 different plant-derived metabolites, including simple and 
complex sugars, sugar alcohols, amino acids, organic, aliphatic and fatty acids, sterols 
and phenolics. Most importantly, root exudates also contained QACs, trehalose, 
mannitol, sorbitol, proline, and glutamine, all of which act as compatible solutes in 
microorganisms. Further comparative analyses revealed that water-stressed plants exude 
 
42 
significantly higher levels of choline, betaine, and carnitine, which act as exogenous 
osmoprotectants for rhizosphere microorganisms (Figure 4.1). The water-stressed 
exudates also contained significantly elevated amounts of ectoine and hydroxyectoine. 
The addition of root exudates to osmotically challenged 2-79 markedly improved growth 
under conditions of water stress (McWilliams, 2018). Collectively, these findings led me 
to hypothesize that the utilization of plant-derived QACs and the formation of biofilms 
play an important role in the ability of 2-79 to colonize and persist in the rhizosphere of 
water-stressed plants. 
 
Figure 4.1. Root exudates of water-stressed plants contain elevated levels of the 
quaternary ammonium compounds (QACs) choline, glycine betaine, and carnitine. 
 
I tested this hypothesis by screening the 2-79 genome for potential waters stress 
response and biofilm pathways. The analysis revealed an extensive set of genes involved 
in the uptake and catabolism of QACs, de novo synthesis of N-acetyl-glutaminyl 
glutamine amide (NAGGN) and trehalose, and production of biofilm exopolysaccharides, 
fimbriae, pili, and large adhesion proteins. The type and arrangement of these genes were 
similar, but not identical to those present in other species of Pseudomonas. For example, 
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like the human opportunistic pathogen P. aeruginosa, 2-79 carried three different BCCT 
family transporters (Wargo, 2013). In contrast, the plant pathogen P. syringae has only 
one BCCT transporter (Chen et al., 2013), while soil saprophyte P. putida carries up to 
six such genes. Similarly, 2-79 resembles other pseudomonads in the capacity to secrete 
the alginate and Psl exopolysaccharides. However, it lacks genes for the production of 
Pel, Pea, or Peb exopolysaccharides, as well as cellulose, which is synthesized in other 
strains of the P. fluorescens group by the wss gene clusters (Mann and Wozniak, 2012). 
Instead, 2-79 carries a unique cluster of genes termed eps, which may function in the 
production of yet unknown exopolysaccharide or modification of O-antigen. 
The ability to import choline and to either catabolize or convert it to the 
osmoprotectant glycine betaine (GB) is widespread among Pseudomonas and other soil- 
and water-dwelling bacteria. The plant pathogen P. syringae utilizes BetT and CbcXW as 
its primary transporters for quaternary ammonium compounds at low osmolarity (Chen 
and Beattie, 2007, 2008; Chen et al., 2010). Under high osmolarity, this organism relies 
on OpuC to import choline, glycine betaine, and carnitine, whereas BetT transports 
choline under both high and low osmotic stress (Chen and Beattie, 2008). Studies in the 
animal pathogen P. aeruginosa resulted in a model, where BetT1 or BetT3 prime the 
induction of CbcXWV, which subsequently functions, in combination with BetT1, as 
primary transporters for the uptake of choline under hypoosmolar conditions (Malek et 
al., 2011). Under hyperosmolar conditions, the ABC transporter OpuC and BetT3 act to 















Figure 4.2 Schematic model of quaternary ammonium compounds (QACs) uptake and 
metabolism in P. synxantha 2-79 under hypoosmotic (A) and hyperosmolar conditions 
(B).  
In P. synxantha 2-79, uptake of choline for catabolism is mediated by CbcWV under hypoosmolar conditions. Choline, betaine, and 
carnitine uptake for osmoprotection is mediated by the three BCCT-type transporters BetT1, BetT2, BetT3 and the two ABC-type 
transporters CbcWV and OpuC. However, the significance of the uptake of each transporter is predicted to change depending on the 
external osmolarity. Underlined compatible solutes signify that the primary transport of the compound is done by the above designated 
transporter. 
Our experiments revealed that 2-79 is well equipped to utilize choline, glycine 
betaine (GB), and sarcosine, but not carnitine, as a sole source of carbon. In addition, 
choline, GB, and carnitine protect 2-79 from osmotic, with glycine betaine acting as a 
preferred osmoprotectant. These findings contrast the results observed in P. syringae, 





The analysis of 2-79 QAC transporter mutants suggests that under both water-
replete and water-stressed conditions, the uptake of choline relies on BetT1 and CbcWV, 
whereas GB and sarcosine are imported via a different yet unidentified transporter 
system(s). Based on all our results, we present a schematic representation of QACs 
uptake in P. synxantha 2-79 under conditions of water-replete (low salt) and 
hyperosmolar conditions (Figure 4.2). The utilization of QACs for osmoprotection 
involved the uptake of carnitine via OpuC and choline and GB via the combination of 
BetT1, CbcWV, and OpuC. This model was supported further by results of the 
bioreporter assays, which showed the upregulation of opuC, cbcX, and betT1 promoters 
in 2-79 colonizing the roots of water-stressed plants. To evaluate the importance of plant-
derived quaternary ammonium compounds for the biology of 2-79, we inoculated an 
isogenic mutant lacking multiple QAC transporter systems in non-sterile soil that was 
successively cropped to Brachypodium. This experimental system allowed rhizosphere 
colonization to proceed for two months under controlled conditions in the presence of 
indigenous microflora. Under these conditions, the QAC transporter mutant exhibited 
reduced rhizosphere fitness and was outcompeted by its wild-type parent when plants 
were inoculated with a mixture containing both strains. 
In contrast to QAC uptake pathways, the inactivation of algD, psl, and eps genes 
had a minor effect on the ability of 2-79 to resist water stress in vitro. One notable 
exception was observed during desiccation assays, where the psl and eps mutants were 
more vulnerable to drying compared to the algD mutant and wild-type 2-79. In the end of 
the last cycle of the drought stress assay, the algD and psl mutant inoculated alone into 
the soil colonized the rhizosphere significantly less than the WT signifying the 
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importance of these two pathways in the rhizosphere colonization ability of 2-79 under 
water stress. Both algD and psl mutant were less competitive, and, by the end of the 
colonization experiment, their populations were trending down both in the control and 
water stress plants. The difference in population levels between the psl and alg mutants 
and the parental strain was statistically significant in individual inoculations at 10% FC. 
In conclusion, our results show that P. synxantha 2-79 carries an extensive set of 
cellular pathways that provide multilayer protection against the detrimental effects of 
water stress. This strain produces at least two (possibly three) different 
exopolysaccharides that protect it from desiccation. The EPS pathways also contribute 
redundantly to the competitive colonization of plant roots, thus highlighting the similarity 
between the colonization of plant rhizosphere and biofilm formation. Our results also 
demonstrated that P. synxantha 2-79 has evolved to take up different quaternary amines 
and use them as nutrients or osmoprotectants. At the same time, this strain lacks genes for 
the de novo synthesis of these compounds, thus suggesting that QACs are ubiquitous in 
the rhizosphere and provided by the plant host. A mutant devoid of all known QACs 
transporters was less competitive in the colonization of the Brachypodium rhizosphere 
than the wild-type parental strain. To the best of our knowledge, this is the first study that 
confirms the importance of plant-derived QACs for the microbial adaptation to the 
rhizosphere lifestyle. Our findings also support the idea that the exchange of metabolites 
between plant roots and microorganisms profoundly affects and shapes the belowground 







APPENDIX A – Oligonucleotide primers used in this study 
Table A. 1. Oligonucleotide primers used in this study. 
Primer Sequence Referencea 
M13f (-47) 5’-CGCCAGGGTTTTCCCAGTCACGAC-3’ Green & Sambrook, 2012 
M13r (-48) 5’-AGCGGATAACAATTTCACACAGGA-3’ Green & Sambrook, 2012 
betT1-1 5'-CAGGGTTTTCCCAGTCACGACCAAGTGCATAAGT GGTTGGCG-3' This study 
betT1-2 5'-CGACGCAGATGTTACTCACTTAAACAACAGAATC AGCGCGGTG-3' This study 
betT1-3 5'-TAAGTGAGTAACATCTGCGTCGGAAGAACGCAC CCGCTACTAC-3’ This study 
betT1-4 5'-GGATAACAATTTCACACAGGAATAACTGCACGC GGGTCAATG-3' This study 
betT1F 5'-CAGGAATTGGGGATCGGATGCATACCGACCTTGG GCATG-3' This study 
betT1RinaZ 5'-ATAGATCCTTTGGGGTTAAGCCGTATAAGAGAGG CAGAACTCATGGC-3 This study 
betT2-1 5'-CAGGGTTTTCCCAGTCACGACGGCCCGAGCTTCT TTATCGACC-3' This study 
betT2-2 5'-CGACGCAGATGTTACTCACTTACCAAACAGCAGG ATAAAAGTCG-3' This study 
betT2-3 5'-TAAGTGAGTAACATCTGCGTCGGAGCATCCGTTT ATCTACCAGG-3' This study 
betT2-4 5'-GGATAACAATTTCACACAGGACCAAAGTTGATCT CGGCGCTGC-3' This study 
betT3-1 5'-CAGGGTTTTCCCAGTCACGACTGCTGGTGTTGGT GGTGGACGA-3' This study 
betT3-2 5'-CGACGCAGATGTTACTCACTTACATACAGGCCTC CTTGGAAATG-3' This study 
betT3-3 5'-TAAGTGAGTAACATCTGCGTCGATTGCCATTGCC CTGTTGCTTG-3' This study 








Table A. 1 (continued). 
opuC2 5'-TAAGTGAGTAACATCTGCGTCGTTCCTTTGCCAA GCCTTAAGAC-3' This study 
opuC3 5'-CGACGCAGATGTTACTCACTTAGTTCTTCGAGAT GCAGCGCGCG-3' This study 
opuC4 5'-GGATAACAATTTCACACAGGAGAACACCCGCTCT GCATCCATC-3' This study 
opuCF 5'-CAGGAATTGGGGATCGGAGGTCGGATTTGCGCGA TTTCAC-3' This study 
opuCRinaZ 5'-ATAGATCCTTTGGGGTTAAGCCGACTAGGACGAG AATCAGATGAGC-3' This study 
cbcXWV1 5'-CAGGGTTTTCCCAGTCACGACATGCGACCCTCCC TGTACTG-3' This study 
cbcXWV2 5'-CGACGCAGATGTTACTCACTTACCAGCTCGTCCT TGAACTTGGC-3' This study 
cbcXWV3 5'-TAAGTGAGTAACATCTGCGTCGGCGACTCATGGC TGGACCTG-3' This study 
cbcXWV4 5'-GGATAACAATTTCACACAGGACCCGGGATGTGCT CGATCAG-3' This study 
cbcXF 5'-CAGGAATTGGGGATCGGACTTGAACGAGGTGCT ACGCTCAG-3' This study 
cbcXRinaZ 5'-ATAGATCCTTTGGGGTTAAGCCGGGAGAAATTGA CGGTCTTGCAC-3' This study 
NAGGN1 5'-CAGGGTTTTCCCAGTCACGACCGGCAAATTGGAC GGCACTC-3' This study 
NAGGN2 5'-CGACGCAGATGTTACTCACTTAACTCGCCAGCTA ATCCACAC-3' This study 
NAGGN3 5’-TAAGTGAGTAACATCTGCGTCGACAGCCAACGCT TACTCAAG-3’ This study 
NAGGN4 5'-GGATAACAATTTCACACAGGACACAGGGTCATGC TGATGGC-3' This study 
treS1 5'-CAGGGTTTTCCCAGTCACGACGGTAGTGAAGAGG GCGGTC-3' This study 
treS2 5’-CGACGCAGATGTTACTCACTTAGGTGTTGCGCCA GGTGAAG-3’ This study 
treS3 5'-TAAGTGAGTAACATCTGCGTCGCTGGGGGAAAT GGACCTCT-3' This study 
treS4 5'-GGATAACAATTTCACACAGGACCCACGTGCAGCT CATAGAG-3' This study 











Table A. 1 (continued). 
alg2 5'-TAAGTGAGTAACATCTGCGTCGTCATCGGTGGCA GGTCGTAG-3' This study 
alg3 5'-CGACGCAGATGTTACTCACTTAGTTGTTCTTCCTC AGCCTGC-3' This study 
alg4 5'-GGATAACAATTTCACACAGGAGCCGAACAACTG GAACCAAG-3' This study 
psl1 5'-CAGGGTTTTCCCAGTCACGACTGCAACTGGACCC GCTCAATG-3' This study 
psl2 5'-TAAGTGAGTAACATCTGCGTCGGGCACTCAAGAG GCTGAACAG-3' This study 
psl3 5'-CGACGCAGATGTTACTCACTTAAACACGACCACC AACATCGAC-3' This study 
psl4 5'-GGATAACAATTTCACACAGGAGCACGCCATTGAT CACTTCGC-3' This study 
eps1 5'-CAGGGTTTTCCCAGTCACGACTTGGCCTTTGTGGG TTATTGC-3' This study 
eps2 5'-TAAGTGAGTAACATCTGCGTCGCTGTAACACGTT TTGCGCCTC-3' This study 
eps3 5'-CGACGCAGATGTTACTCACTTAAGTCCGCTACTG ATTGCTACG-3' This study 
eps4 5'-GGATAACAATTTCACACAGGAGTTTCGGTTTCGC CTCGGTAG-3' This study 
Stop 5’-CGACGCAGATGTTACTCACTTA-3’ This study 
SAC1 5'-GATGTTTTCTTGCCTTTGATGTTC-3' Mavrodi et al., 2006 
SAC2 5'-GTCTTTGCATTAGCCGGAGATC-3' Mavrodi et al., 2006 
GM-UP 5'-GGTGGCTCAAGTATGGGCATCA-3' Mavrodi et al., 2006 








APPENDIX B – Effect of exogenous QACs on the growth of 2-79 




Figure B.1 The effect of exogenous QACs on the growth of P. synxantha 2-79 at the 
optimal temperature and under cold and heat stress. 
The bacteria were cultured in the ½-21C medium amended with 1 mM QACs, and the growth was monitored by measuring optical 












APPENDIX C – The effect of mutations in different transporter genes on the ability of 2-
79 to catabolize QACs under osmotic stress. 
 
 
Figure C.1 The effect of mutations in different transporter genes on the ability of P. 
synxantha 2-79 to catabolize QACs (20 mM) under osmotic stress condition.  
Bacterial strains were grown in ½-21C without glucose and pyruvate amended with NaCl to a final concentration of 0.2 M to induce 
osmotic stress. The bacteria were grown at 27C and growth was measured as the optical density at 600 nm at one-hour intervals for 







APPENDIX D –Establishment of water levels and the effect of  






Figure D.1 Water content of the SunGro Sunshine Potting Mix #4 during the drought 
stress experiment.  
Values are means taken from measurements of five 8.9  6.5-cm pots. Error bars indicate SD. 
 
 
Figure D.2 The effect of drought stress on B. distachyon Bd21. 
The appearance of plants after four weeks of water stress (A), the increase in shoot length from the onset of water withdrawal until the 
end of the experiment (n=8) (B), the stem water potential (ψ stem) at the 3rd and 4th weeks (n=5) (C), and the leaf relative water 
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